Zones of high velocity (>3000m/s) are restricted to the deeply buried parts of the Albacore Subgroup, at TWT's greater than 0.8 seconds. The characteristics of this high velocity facies are: 1. a composition of fine grained bioclast-rich packstones and wackestones with less than 10% silt sized quartz; 2. the carbonate content exceeds 60%; 3. the intervals are prone to cementation and are stylolitised; 4. they are diachronous (i.e. cut across seismic boundaries); 5. velocities progressively increase with depth; 6. highest velocities occur where the unit is thickest towards the centre of the basin; 7. velocity increases laterally with steepness of angle on downlap surfaces due to coarser grain sizes and inferred greater initial porosity; and 8. velocities increase with stratigraphic age in the Albacore Subgroup. Regardless of burial depth the Angler and Hapuku Subgroups contain no significantly high velocity zones.
INTRODUCTION
The study area includes the offshore portion of the Gippsland Basin, southeastern Victoria, extending into the deep water Bass Canyon. It covers all the major hydrocarbon oil and gas fields of the basin (see Figure 1 ). The stratigraphy of the basin is outlined in Figures 2 and 3. The major hydrocarbon accumulations within the basin are found in the uppermost clastics of the Cretaceous-Eocene Latrobe Group. The overlying marls and mudstones of the Seaspray Group provide the regional seal.
Since the beginning of offshore exploration in the Gippsland Basin, the predictability of the complex velocity structure of the Seaspray Group that overlies the producing Latrobe Group, have been limited by the lack of a proven depositional and petrophysical model. Where specific velocity problems were encountered they were generally tackled on a local, usually field-scale basis. Due to proprietorial needs little of the specific field results were published (viz. Bein et al, 1973; McQuillin et al, 1984 , on the Kingfish Field) although a large data base exists within Esso unpublished report files on other fields (see references in Maung and Cadman, 1992) . Areas outside the main producing fields today remain difficult to explore where intense canyoning occurs in the carbonate sediments of the overlying Seaspray Group. Maung and Cadman (1992) produced an assessment of the problems in the central part of the basin currently covered by the VIC/P39 exploration permit where there is a history of six exploration well failures related to velocity problems. They identified the difficulties when using conventional velocity analysis for depth conversion, and the limitations placed by the requirements of smoothing normal moveout velocities. These problems have consistently led to under estimating the velocities required for depth conversion. The Esso Australia approach has been to vary the methods for time to depth conversion depending on the presence or absence of high velocity channels. In the former case an interval velocity analysis method is used, but for the latter case a smoothed normal moveout velocity and conversion factor method is used (Esso, 1990) .
MIM Petroleum Exploration Pty Ltd and partners relinquished the formerly known VIC/P33 area in 1995
CONTROLS ON SEASPRAY GROUP SONIC VELOCITIES IN THE GIPPSLAND BASIN-A MULTIDISCIPLINARY APPROACH TO THE CANYON SEISMIC VELOCITY PROBLEM
without drilling partly due to the seismic challenges (MIM, 1995) . However, they did institute the first review of the carbonate petrology of the high velocity zones (Bernecker and Webb, 1994) . Subsequently Bernecker et al, (1997) published the first regional review of the Seaspray Group that drew on their MIM work. They introduced four informal stratigraphic units (I to IV) with differing lithologies and sedimentation rates. However, no emphasis was made to relate this work to seismic or acoustic attributes. Feary and Loutit (1998) published the first regional study of the Seaspray Group using the Esso G92A 2D regional seismic data set. This data ties most of the key offshore wells and fields in an approximate northwest to southeast grid. Their approach focussed on seismic stratigraphic principles, describing up to 16 sequences and sequence boundaries, grouping them into three megasequences. High acoustic impedance was noted along canyon bases and their correlative conformities (the sequence boundaries). This was interpreted to indicate cementing of carbonates through river incision, submarine canyon erosion, slumping, subaerial exposure, karstification and subsurface diagenesis. Due to the sometimes contradictory nature of the existing biostratigraphic data, and a lack of core data (sidewall and conventional), much of their interpretations remain conjectural.
The present study grew out of a need to understand the evolution of prograding cool-carbonate shelves that are common along the southern Australian continental margin. The Gippsland Basin is an ideal shelf to begin the study with its large database of available seismic and well data. The results presented here are the outcome of a multi-disciplinary approach. This included the following: 1. a regional stratigraphic study principally based on the Esso G92A seismic grid using Esso time-depth converted well logs; 2. a study of carbonate petrology and downhole carbonate content; 3. a biostratigraphic review of key wells including new palaeoenvironment interpretations; and 4. integration of all these factors into well log velocity profiles and seismic facies. The findings present a simpler picture than previous studies have shown, and provide a set of criteria for recognition of the high velocity facies that will be useful to future explorationists.
METHODOLOGY
Seismic interpretation is principally based on the Esso G92A 2D high-resolution multichannel 75-fold seismic data. The seismic grid comprises 79 line segments that intersect 87 wells (Fig. 1) . Additional deep-water seismic coverage in the Bass Canyon used older Esso G71A 24 fold data. Seismic interpretation was conducted on paper sections and on Esso Australia workstations. The seismic lines were re-displayed by Esso using a vertical scale of 20 cm/second and a horizontal scale of 40 traces/cm to accentuate the channel sides. Interpreted seismic sections were digitised using a Digicom 'Rat' Seismic digitiser. Well-synthetic logs supplied by Esso included caliper, gamma, neutron, density, sonic, velocity, perturbation, acoustic impedance and raw synthetic traces. Logs were spliced into the seismic lines to aid the facies interpretations. A complete set of depth-scaled well logs was obtained courtesy of Wiltshire Geological Services.
Sidewall and conventional core samples of the Seaspray Group carbonates were obtained from the core libraries of the Department of Natural Resources and Environment (DNRE) and the National Museum of Victoria. Two wells with conventional cores, and 400 other sidewall cores, were available from these sources and over 325 petrologic thin sections were made. Samples were also obtained from subsea foundation borings on some of the major fields. Where sidewall coverage was poor to non-existent, cutting samples were used to produce petrologic thin sections.
Downhole carbonate content was determined by standard acid digestion techniques. The averaging process of cuttings sampling did not compromise identification of large-scale regional carbonate distributions across the basin or vertical stratigraphic distributions. Conversely, this averaging effect proved ideal for studying the largescale stratigraphic and sonic velocity variations. Crosschecking with side-wall cores indicated cuttings analysis is a relatively simple, reliable and repeatable means of evaluating the principal lithologies across carbonate shelves. Some 18 wells were processed this way including Albacore-1, Anemone-1, Angler-1, Barracouta-1A, Barracouta-5, Grunter-1, Helios-1, Hermes-1, Mackerel-1, Mackerel-3, Marlin boring-2, Salmon-1, Swordfish-1, Trumpeter-1 and Veilfin-1. Eighteen cuttings' samples were examined by x-ray diffraction (XRD) to identify the non-carbonate minerals, particularly where CaCO 3 content fell below 50%.
Detailed biostratigraphic work was carried out on Mackerel-1 and Flounder-5 where a suite of up to 20 sidewall cores were taken approximately every 100-200m. Total counts of all benthonic and planktonic foraminifera faunas were used to evaluate the existing well completion report data, and to determine the palaeodepositional environments. In addition spot checks of samples (sidewall core and cuttings) from a number of other wells were undertaken, in some cases altering the existing dates in well-completion reports.
Results of an 18-day scientific cruise in Bass Strait using, the CSIRO R/V Franklin motor-vessel provided invaluable data on the modern shelf, slope and Bass Canyon. A facies-based depositional framework for modern shelf and slope environments was developed to provide an analogue for the Tertiary. Over 100 seabed stations were sampled using seafloor grabs, coring and/ or dredging; and approximately 720 line kilometres of sparker seismic shot. A deep-sea camera was used in five seabed photo runs. This survey followed up on a joint Australian Geological Survey Organisation (AGSO) and Sydney University Bass Canyon swath-mapping program (Hill and Exon, 1997) . Figure 2 , based on sidewall cores and cuttings in Mackerel-1, and foundation borings from Mackerel-3. The wireline logs from Mackerel-1. Three major subgroups are evident based on lithologies and wireline log characteristics. These subgroups occur throughout the Gippsland Basin, although their relative proportions and thickness vary significantly. Recognition of subgroups allows for their later differentiation into constituent formations (not covered in this paper). Each subgroup is comprised of shelf, slope and deep marine facies that could form a basis for formation subdivision. The boundaries separating the subgroups are basin-wide unconformities. The lower of the two boundaries separates the Angler and Albacore Subgroups, and is defined by the blue seismic reflector. This boundary demarcates two very different carbonate facies above and below and is the most prominent seismic reflector in the offshore Seaspray Group. The upper boundary separates the Albacore and Hapuku Subgroups, and is defined by the yellow seismic reflector. Along this reflector occurs deep canyoning in the outer shelf area. Samples from this reflector level also contain a significant clastic content.
The proposed stratigraphic scheme is shown on Figure 3 .
Angler Subgroup LITHOLOGY, AGE AND WIRELINE LOG CHARACTERISTICS
The Angler Subgroup comprises planktonic foraminiferal muds, marls and wackestones and is defined in the type well at Angler-1 between 2,050-2,750 m. A thin section slide of this facies is shown on Figure 4 . This subgroup typically contains a carbonate content of less than 50% that systematically decreases with depth to <20% towards the Latrobe Group. The top, or in some wells near top, of the subgroup is defined where the carbonate content rapidly increases to >50%. Typically the whole subgroup has a gamma log response (30-45 API units) that is higher than succeeding units, reflecting its lower carbonate content. Sonic velocities are lower than overlying units -generally <3000 m/s. Density and acoustic impedance are also lower than overlying units. Spurious density data is suspected near the base (e.g. Mackerel-1), where washouts are common, although increasing carbonaceous material just above the Latrobe Group is also a contributing factor. This subgroup often has the greater number of sidewall cores due to its proximity to the Latrobe Group, and has historically been the most intensively studied. A number of foraminiferal zones are recognised ranging from Taylor (1966, with later revisions) Zonule D1 (mid Middle Miocene) to J2 (base Early Oligocene). Local condensing of units in the basin centre together with local disconformities and/or incomplete sampling suggests the subgroup may include one or more disconformities. Albacore Subgroup
LITHOLOGY, AGE AND WIRELINE LOG CHARACTERISTICS
The lower half of the Albacore Subgroup includes bioclast-rich wackestones and packstones with interbeds of spiculites and dolomites. A thin section of this facies is shown on Figure 6 . The upper half of the Albacore Subgroup is comprised of micritic limestone with grainstone interbeds. The two halves are distinguished approximately by their acoustic impedance profiles as the high velocity yellow unit and the highest velocity green unit on Figure 2 . In the type well, Albacore-1, the Albacore Subgroup occurs between 1,100-2,040 m. This subgroup consistently contains a carbonate content greater than 50% throughout, that systematically increases with depth to 60-70% just above the top of the underlying Angler Subgroup. The base of the subgroup is defined where the carbonate content rapidly decreases to less than 50%, co-incident with the blue reflector. In some wells, the base of the Albacore Subgroup is transitional and a moderately high velocity unit may lie between it and the Angler Subgroup sensu stricto. In most wells the top of the Albacore Subgroup can be defined by an increase in gamma log response, accompanied by a sharp decrease in carbonate content, sonic velocity, density and acoustic impedance. This represents the onset of clastic input. On seismic this horizon (the yellow reflector) is marked by significant downcutting in canyons.
Typically the entire Albacore Subgroup has a low gamma log response (20-30 API units), indicating a low argillaceous content. Sonic velocities are both higher than the overlying and underlying units-generally >3000 m/s increasing downwards to 4500 m/s below 0.8 seconds. Above this TWT depth, Albacore Subgroup facies show relatively higher sonic velocities than the two other subgroups, but may not exceed 3200 m/s. Locally, spikes on the sonic and acoustic logs exceed 5000 m/s, and may indicate thin dolomite bands. In many wells this subgroup is poorly sampled, often with only one or two sidewall cores, and recourse to cuttings samples was often needed. One conventional core was cut in this unit in Kingfish-5. Biostratigraphic records in well completion reports for the Albacore Subgroup often record poor faunas due to fragmentation, reworking, mixing with older faunas, and cementation. These factors make age identification difficult. Niko (1967) refers to this interval as the 'battered Robulus facies' in recognition of the appearance of some of the faunas. Only a few foraminiferal zones are recognised within the Albacore Subgroup ranging from Taylor (1966, with later revisions) Zonule D1 (mid Middle Miocene) to Zonule B2 (Upper Miocene). In rare instances the facies may extend as low as Zonule D2.
PREVIOUS STRATIGRAPHIC NOMENCLATURE
The Angler Subgroup is wholly equivalent to both Unit I and II of Bernecker et al (1997) and Megasequence 1 (Sequences 1 to 5) of Feary and Loutit (1998) . It contains the mid Oligocene 'Cobia Event' of Taylor (1986) and the 'mid Miocene' mark referred to in Esso well completion reports. At the base of the Angler Subgroup a transitional Gurnard Formation may lie between it and the Latrobe Group sensu stricto, and in some areas the Turrum and Flounder Formations are also present (James and Evans, 1971) .
REGIONAL DISTRIBUTION AND SEISMIC EXPRESSION
The vertical extent of the Angler Subgroup is shown in blue on seismic traverses A-A' to C-C' (Figure 5 ). It thins from 1.2 seconds in two way time (TWT) on the basin margins to 0.3 seconds in the central basin deep due to upper reflector truncation, erosion by overlying canyons, and stratigraphic condensation. In the Bass Canyon it outcrops and subcrops at the 2,500-2,600 m water depth. It is disconformably overlain by the Albacore Group at the prominent blue reflector boundary, above which dominant reflector downlap occurs with canyon development. It includes a number of prominent, generally parallel, reflectors (including the Esso mid Miocene marker). Extensional faults propagate from the Latrobe Group in some areas, and syndepositional faulting occurs around Omeo-1, Pike-1 and Moray-1. The boundary between the Angler and Albacore Subgroups occurs within the D1-D2 Zones of early Middle Miocene age, mostly within D1 Zone.
The dominant pelagic marls and muds are replaced toward the basin margins by carbonate-rich units (e.g. Groper-1 and -2) of equivalent facies to the onshore Gippsland Limestone and Lakes Entrance Formations (Holdgate and Gallagher, 1997) . These lateral facies changes provide a basis to subdivide the Angler Subgroup into shelf, slope and basin deep formations. The overall geometry and palaeogeography of the Angler Subgroup suggests deposition as a type-1 megasequence (Posamentier et al, 1988 ) into a basin with a ramp margin. The deep centre of the basin was a proto-Bass Canyon that extended back almost to the present coastline. In time this proto-Bass Canyon became infilled by finegrained carbonate winnowed from the adjacent shelfal areas. The Albacore Subgroup spans the longest time interval of the three Seaspray subgroups of 24 Ma giving a slower (compacted) average minimum sedimentation rate in the basin centre of approximately 30m/Ma. Towards the basin margins, where the Angler Subgroup is thicker and the facies are shallower, the sedimentation rate was approximately double. 
PREVIOUS STRATIGRAPHIC NOMENCLATURE
The Albacore Subgroup is equivalent to Unit III and part of Unit IV of Bernecker et al, 1997 and equates with Megasequences 2 and 3 (Sequences 6 to 12) of Feary and Loutit (1998) .
REGIONAL DISTRIBUTION AND SEISMIC EXPRESSION
The vertical extent of the Albacore Subgroup is shown in green on cross-sections A-A' to C-C' (Figure 5 ). It
Founder-1 (Fl-1)
Progradation Facies
Albacore thickens from 0.2 seconds on the basin margins to over 0.8 seconds in the central basin deep where it infills the proto-Bass Canyon. On seismic, this subgroup shows a complex series of multiple channel cut and fill features, and a dominant reflector downlap and canyon migration from north to south. In the Bass Canyon, the Albacore Subgroup outcrops above the 2.500m water depth. It disconformably overlies the Angler Subgroup at the prominent blue reflector boundary. Faulting rarely extends above the Angler Subgroup. Channel morphologies within the Albacore Subgroup include some features similar to the modern Bass Canyon features. These include : 1. dendritic canyon-head structures developed on the outer shelf; 2. multiple, small linear canyons developed on the relatively steep (~11∞) portion of the slope with distinctive ridge and runnel-type morphology; 3. l arge continuous, sinuous canyons developed on a gentle gradient (2-3 degree) slopes; and 4. large straight stem canyons developed on the basin floor (Daniels et al, 1999 ). An isochron map of sediments above the blue reflector
can be used to demonstrate the subsurface geometry of the Albacore Subgroup (Figure 7 ). Four principle feeder channels (canyons) or proto-Bass Canyon heads commence in and around the Bream, Barracouta and Snapper gas fields, and amalgamate into one principle depocentre over the Kingfish, Mackerel, Halibut, Fortescue and Flounder oil fields. This depocentre has continued to prograde southeasterly into the deep waters of the present Bass Canyon where sediments of the Albacore and Hapuku Subgroups thin to zero at around the 2,500 m water depth mark. This infilling and prograding process is analogous to prodelta lobes (Deighton, 1975) , (i.e. as a series of overlapping fan-shaped carbonate lobes at the distal ends of the feeder channels). The progradational lobes contain coarser sediments near the feeder channels with finer sediment's oceanwards. As the lobes prograde basinwards, the progradation of coarser facies overtakes the distal progradational facies, resulting in the crosssection geometry illustrated in Figure 8 . With time, the feeder channels move seaward, or become infilled. The feeder channel base remains a disconformity both in time and angle of deposition, and there should be no distal progradation deposits within a relict feeder channel.
Examples of these lobes can be demonstrated on the seismic cross-sections of Figures 9, 10 and 11; located on Figure 8 , and identified and correlated as Lobes A, B, C and D on Figure 5 . On seismic they appear as distinct mound-like features, often tilted (tectonically?) to the southwest where the highest velocities occur on the steeper downlapping lobe margins. At the proximal end close in to the feeder channels, the mounding is more intense, chaotic and steeper as shown on Figure 9 , between Sawbelly-1 and Bream-5. In the main depocentres the reflectors tend to be more conformable within each fan over distances of 30-40km, but where two lobes overlap or merge, seismic reflectors are more chaotic and small localised channels (canyons) occur as palaeo-seabed depressions (e.g. between Mackerel-1 and Trumpeter-1 on Figure 10 ). At the distal ends of the lobes ( Figure 11 ) the mounds are smaller in width, have the highest carbonate content, and are separated by large areas of intra-lobe where sea-floor depressions occurred with non-deposition such as at Blackback-1. These depressions were later infilled by the Hapuku Subgroup. The lobate facies of the Albacore Subgroup consistently contain the highest seismic velocities of the Seaspray Group. They are more diagenetically altered than the subgroups above or below.
The high clastic content of facies immediately above the Albacore Subgroup suggests increased runoff of land derived sediment that could relate to tectonic uplift and/ or sea-level fall. The boundary (yellow reflector) between the Albacore and Hapuku Subgroups occurs within the BI/A4 Zonules of late Upper Miocene/basal Pliocene age.
Updip of the feeder canyon heads the micritic limestone and wackestones are replaced towards the basin margins by carbonate-rich units (e.g. Barracouta-1A and 5 on Figure 12 ) and near the present shoreline similar time equivalent facies to the onshore Bairnsdale Limestone and Tambo River Formations are present (Holdgate and Gallagher, 1997) . These lateral facies changes provide a basis to subdivide the Albacore Subgroup into shelf, slope and basin deep formations and facies. The overall geometry and palaeogeography of the Albacore Subgroup suggests deposition as a type-1 megasequence into a basin with a shelf break (Posamentier et al, 1988) . The deeper centre of the proto-Bass Canyon was infilled by overlapping prograding carbonate lobes that derived their sediment via shelf edge carbonate slumping and turbidity flow, winnowed within feeder channels. The Albacore Subgroup spans 7 Ma resulting in a rapid (compacted) average minimum sedimentation rate in the basin center of over 150m/Ma. Towards the basin margins where the Angler Group is thinner the sedimentation rate is less than half this rate.
Hapuku Subgroup LITHOLOGY, AGE AND WIRELINE LOG CHARACTERISTICS
The lower third of the Hapuku Subgroup consists of a basal quartz-rich siltstone overlain by coarse bryozoalrich grainstones and coarse bioclast-rich grainstones. The remaining Hapuku Subgroup is dominated by micritic limestones and bryozoal-bearing grainstones with an interval of quartz-rich siltstone. A thin section of this facies is shown in Figure 13 . The upper 10-30 m below the sea floor comprises coarse sandy bryozoal grainstones and is illustrated in Figure 14 . In the type well, Hapuku-1, the Hapuku Subgroup occurs between the sea floor (384 m) and 2149 m (i.e.1765 m thick). With the exception of the clastic intervals, this subgroup contains the highest carbonate content of the Seaspray Group-usually greater than 80%. The base of the subgroup can be defined at the lowest clastic interval where the carbonate content rapidly decreases to about 50%, indicated by an increase in gamma log response and a sharp decrease on the sonic, density and acoustic impedance logs. On seismic, the base (yellow reflector) is associated with significant downcutting in canyons. In some wells the high clastic basal portion of the Hapuku Subgroup is not present.
Typically the Hapuku Subgroup has a low gamma log response (20-30 API units) reflecting a low argillaceous content except for the clastic intervals. Sonic velocities are below 3000 m/s, and are lower than the underlying Albacore Subgroup for any given burial depth. Density, velocity and acoustic impedance are always less than in the underlying units. In many wells this subgroup is poorly sampled, often with only one or two sidewall cores, except for Flounder-5 and Hapuku-1 (Figs 10 and 11) where the biostratigraphic record is excellent. The Hapuku Subgroup ranges from Taylor (1966, with later revisions) Zonule B1 (end of the Miocene) to Zonule A1 (Upper Pleistocene to Recent). The basal clastic interval is B1 in age, the middle clastic interval is on the A4-A3 boundary (Middle Pliocene) and the top-most clastics are mainly Late Pleistocene to Holocene in age.
PREVIOUS STRATIGRAPHIC NOMENCLATURE
The Hapuku Subgroup is equivalent to part of Unit IV of Bernecker et al, (1997) ; and equates with Megasequence 4 (Sequences 13 to 16) of Feary and Loutit (1998) .
REGIONAL DISTRIBUTION & SEISMIC EXPRESSION
The vertical extent of the Hapuku Subgroup is shown as the yellow unit on cross-sections A-A' to C-C' ( Figure  5 ). It thickens from 0.2 seconds on the basin margins to 1.7 seconds in the outer continental shelf and slope where it infills canyons and forms the youngest sedimentary wedge. In the modern Bass Canyon the unit thins to zero occurs at around the 2,500-2,600m water depth. The Hapuku Subgroup disconformably overlies the Albacore Subgroup at the prominent yellow reflector boundary, along which abundant canyon development, particularly in the outer shelf area, occurs. At Flounder-5 a 0.35 second section of the subgroup infills a canyon with a complex of discordant cross-bedded reflectors (Figure 10) . On the present-day upper slope, up to 1.7 seconds of Hapuku Subgroup sediment infills the space between Lobes A/B and C of Albacore Subgroup at Angler-1 and Volador-1 (e.g. Figure 11 ). The infill reflectors are chaotic and discordant, and probably represent large slump deposits, in turn overlain by a group of concordant reflectors smoothing out the infill. Pleistocene to Recent canyons at the present sea-bed appear to erode into the upper concordant reflectors (Figure 11) .
The Hapuku Subgroup can be traced inshore to the Swordfish/Barracouta area where it tends to be conformable with the underlying Albacore Subgroup (Figures 9 and 12) . Here the dominant high carbonate facies are wackestones, coarser in grain size and shelfal in origin (Bernecker and Webb, 1994) . The Hapuku Subgroup spans a time interval of 6 Ma giving a rapid (compacted) average minimum sedimentation rate on the upper slope and shelf edge of approximately 300m/ Ma. In the Barracouta area the shelfal facies accumulated at a much slower rate of 40m/Ma. Near the present shoreline, similar time equivalent facies to Hapuku Subgroup onshore form the sandy coquinas of the Jemmys Point Formation (Holdgate and Gallagher, 1997) . The lateral facies changes provide a basis to subdivide the Hapuku Subgroup into shelf, slope and basin deep formations and facies.
CARBONATE DIAGENESIS AND SONIC VELOCITIES IN THE SEASPRAY GROUP General
The Seaspray Group typically consists of fine-grained micritic marls and bryozoal bearing grainstones/ packestones and wackestones (Hapuku and Albacore Subgroups) overlying marls and calcareous shales (Angler Subgroup). The skeletal assemblage mainly consists of fragments of foraminifera, ostracodes, sponge spicules, bryozoans, brachiopods and echinoids, ranging in size from 50-500 mm. Occasional very fine sand-sized siliciclastic grains (mostly quartz), rare glauconite and dolomite make up the rest of the framework. Typical thin sections of these Seaspray Group facies are shown in Figures 4, 6 , 13 and 14. The wackestone-mudstone interval at Mackerel-1 (1,859 m) contains well preserved planktonic foraminifera in a fine matrix-dominated Angler Subgroup (Figure 4) . In contrast packstonegrainstone laminae with stylolites dominate the high velocity Albacore Subgroup in a sample from Kingfish-6 at 1,731 m ( Figure 6 ).
Depth related carbonate diagenesis
Carbonate sediments readily undergo diagenesis upon burial. This causes a decrease in their porosity. Direct measurements of porosity from thin sections of Seaspray Group carbonates shows intraparticle porosity (porosity within skeletal components) decreasing regularly from 20-30% at sea-bed to burial depths around 800 m where it effectively becomes zero ( Figure 15 ). Calcite cement is the dominant porosity-occluding phase causing this decrease with depth. In the Angler Subgroup, ferroan calcite predominates, probably due to the higher clay content. In contrast the Albacore and Hapuku Subgroups are carbonate-rich and are dominated by less-ferroan calcite.
In the high carbonate facies of the Seaspray Group, the velocity is related to burial depth, and a two-stage process of diagenetic alteration is apparent. Plots of sonic velocity against depth three wells (Hermes-1, Swordfish-1 and Kingfish-1) show that the sonic velocity displays a linear covariance with depth, with a break in slope at a depth of around 400 m (Figure 16 ). This is interpreted to indicate two different porosity-reducing processes: above 400 m the dominant porosity reduction mechanism is physical compaction, and below 400m (to >1,500 m) the dominant porosity reduction process is pressure solution and calcite cementation. Because of its inherent lower carbonate content, the Angler Subgroup shows evidence of a much slower rate of diagenetic alteration and has not been used in the plot. In any well profile in offshore Gippsland, the downhole carbonate content through the Hapuku and Albacore Subgroups averages between 60-80% CaCO 3 but falls to less than 40% CaCO 3 in the Angler Subgroup (Figures 9-12 ). If downhole sonic velocity is plotted against carbonate content a clear relationship exists between the two in all wells examined. The example shown in Figure 17 for Hermes-1 is typical of a well in the central part of the basin. Downhole velocity increases systematically from 2,500m/s at 500m to >4,800m/s at 1,900m. Carbonate content for the same interval averages 80% but fluctuations in carbonate percentage are also mirrored in sonic fluctuations. Below 1,900m in the Angler Subgroup both carbonate and sonic velocity decrease immediately across the blue reflector boundary, but continue to parallel each other. Results from all parts of the basin show similar trends (Figures 9-12 ).
An empirical relationship can be derived for sonic velocity, depth and carbonate content. The best fit for Hermes-1 above the blue reflector is given by a carbonate content of 80%. Below the blue reflector the best fit is for a carbonate content of 30% as shown in Figure 18 . Any carbonate content can therefore be extrapolated onto a best-fit velocity versus depth profile and vice versa. From this can be derived an approximation relating sonic velocity and carbonate content to depth as follows: V = 0.013cd + 13.125c + 0.35d + 1175 Where: v = sonic velocity (m/s) from DT log, c = CaCO 3 content% analysed by acid digestion of cuttings and d = depth below sea bed (m) ranging between 500 and 2000 m.
Note: this relationship is an approximation, and does not take into account the following other influences on sonic velocity.
Other factors affecting carbonate sonic velocities
If depth related carbonate diagenesis was the only factor causing the high velocities in the Seaspray Group then the relatively simple model described above would work for all areas of the basin. However because of lateral facies changes this is not always the case. On Figure 19 the three wells Helios-1, Hermes-1 and Albacore-1 display the high velocity zone of the Albacore Subgroup above a northeast dipping blue reflector surface. The yellow log shows sonic velocity and the red line indicates a value of 4000 m/s. The data suggests that on downlapping surfaces (as highlighted by orange arrows), there is a velocity increase independent of burial depth. Downlapping is prominent along the edges of carbonate lobes in the Albacore Subgroup and is thought to represent better sorting on the steeper sides of the lobes, increased winnowing of fines due to upwelling currents and/or downslope turbidity flow. This in turn increased original particle size, porosity and potential area of diagenetic alteration, resulting in increased velocities.
Stratigraphic age also appears to affect sonic velocity. Despite a similar, if not higher carbonate content, the Hapuku Subgroup always has a lower sonic velocity than the Albacore Subgroup for any given depth. This is clearly illustrated for Blackback-1 well (Figure 11 ) where acoustic impedance only marginally increases above 7,000 units in the small interval of Albacore Subgroup below 1.7 seconds, whereas in the adjacent Angler-1 and Volador-1 wells the Albacore Subgroup is thicker, with higher acoustic impedance's as shallow as 1.1 seconds.
In Figure 20 , the sonic velocity-depth curves for the wells Helios-1, Hermes-1 and Albacore-1 are shown. Also shown are predicted sonic velocities calculated from measured carbonate contents, using the theoretical relationship illustrated in Figure 18 . From Albacore-1 to Hermes-1 to Helios-1, there is a trend of high to lower than predicted (from carbonate content) sonic velocity. The section age also becomes younger from Albacore-1 to Hermes-1 to Helios-1 (as shown by the position of the Mio-Pliocene boundary). This pattern is observed in all wells examined to date and suggests that the relative age of the section also influence's the sonic velocity. At a given carbonate content and depth, younger sediments have a lower velocity. Using all the above factors that contribute to high velocities in carbonate sediments, the findings can be summarised as follows. Sonic velocity is principally controlled by: 1. burial depth; 2. carbonate content; 3. sediment size; 4. sediment texture; and 5. sediment age.
The major processes controlling the sonic velocity increase are pressure solution and calcite cementation during burial diagenesis DISCUSSION Unconformities and high velocity facies Feary and Loutit (1998) recognised high impedance seismic reflectors in the Seaspray Group and delineated 16 unconformity-related sequence boundaries. They believed high impedance along some reflectors represented zones of carbonate alteration and cementation attributable to subaerial exposure and submarine diagenesis, often associated with canyon downcutting.
This study indicates diagenetic alteration in the Seaspray Group is primarily related to depth, carbonate type and facies, and for the following reasons is unlikely to be unconformity related:
Foraminiferal biofacies studies through key wells indicate no major sea-level falls of sufficient magnitude to have exposed subaerially the offshore Seaspray Group at any stage of its history.
Seismic evidence for localised karst development as documented within the Seaspray Group by Brown (1991) is not confirmed by biofacies or petrologic changes in samples taken across the same interval boundaries. Downhole carbonate content remains constant across most of the sequence boundaries where clastic inputs may be expected.
The high impedance along some seismic reflectors sometimes correlate with small increases in carbonate content in cuttings at the same levels. This appears to cause only localised increases in sonic velocity at the same depths.
In summary, burial diagenesis is responsible for the sonic velocity increase within the Seaspray Group.
Notwithstanding any of the above, the two significant unconformities that separate the three constituent subgroups of the Seaspray Group, and which also separate the Feary and Loutit (1998) megasequences, are worthy of some discussion.
THE BLUE REFLECTOR -BOUNDARY BETWEEN ANGLER AND ALBACORE SUBGROUPS
The blue reflector demarcates two very different carbonate facies, and appears to preserve evidence of a significant tectonic change in the basin as it evolved from a ramp margin to a shelf margin platform and slope facies.
The proto-Bass Canyon initiates at about this time, and evolved through a series of downcutting and infilling events commencing around the Middle Miocene. The proto-and modern Bass Canyon remains only partly filled to the present shelf edge. In the modern Bass Canyon, submarine erosion and scouring dominate the slope and canyon floor processes (Figs 7 and 11) .
The blue reflector is slightly diachronous, as detailed foraminiferal studies on the wells Helios-1, Hermes-1, Albacore-1, Mackerel-1 and Flounder-1 indicate differing ages at the base (Fig. 21) . Most wells show the reflector within or at the top of the D1 Zonule, but Albacore-1 shows the high velocity facies may be older and extends into the D2 Zonule. A similar occurrence . Sonic velocity-depth curves for the wells Helios-1, Hermes-1 and Albacore-1 (see also Figure 19 ). Also shown are the predicted sonic velocities calculated from measured carbonate contents using the theoretical relationship shown in Figure 18 .
occurs in the Salmon-1 and Veilfin-1 wells where high velocity D2 aged facies underlies the blue reflector ( Figure 7) . Detailed biofacies studies across the blue reflector in Mackerel-1 and Flounder-1 show a significant change in the percentage of planktonic species consistent with the appearance of higher energy facies of the overlying high velocity Albacore carbonates.
THE YELLOW REFLECTOR -BOUNDARY BETWEEN THE ALBACORE AND HAPUKU SUBGROUPS
The yellow reflector represents:
The first appearance of a significant clastic content within the dominant marine realm. The timing appears to relate to tectonic uplift and folding in the onshore part of the basin (Bolger, 1984) and occurs at approximately the Mio-Pliocene boundary.
Development of significant canyoning at this time particularly in the outer shelf areas eg. Flounder-5 ( Figure  8 ) and Blackback-1 (Figure 9 ). Development of a thick Pliocene wedge to form the present outer shelf and upper slope.
CONCLUSIONS
Sonic velocity contrasts in carbonate sediments of the Seaspray Group create major difficulties in accurately depth converting seismic interpretations used in hydrocarbon exploration. Zones of high velocity (>3,000m/ s) are restricted to deeply buried parts of the Albacore Subgroup, at depths greater than 0.8 seconds. This is because they are fine grained bioclast-rich grainstones, packstones and wackestones with less than 10% quartz silt that are prone to pressure solution and calcite cementation. The carbonates are stylolitised at depths greater than 0.8 seconds. The high velocity zone in the Albacore Subgroup appears to be strata independent and cuts across seismic boundaries. Within this zone, velocity progressively increases with depth and a higher velocity occurs where the unit is thickest towards the middle and deeper into the basin. Laterally velocity may increase with the steepness of downlap on the flanks of carbonate lobes due to coarser grain sizes and inferred greater initial porosity.
At a given burial depth, the underlying Angler Subgroup and overlying Hapuku Subgroups have a lower sonic velocity than the Albacore Subgroup. The Angler Subgroup has a lower carbonate content and is therefore less affected by burial diagenesis. The Hapuku Subgroup is much younger (predominantly Pliocene) than the Albacore Subgroup and has thus been exposed for less time to pressure solution and burial calcite cementation effects.
An empirical relationship derived from these data provides a first-order approximation of seismic velocities that could be applied in areas of complex lateral velocity variations. 
